Résumé. 2014 The longitudinal relaxation rate (T1)-1 has three main contributions : one from the interaction between protons and conduction electrons (T1)-1e, and the others from the proton-proton dipolar (T1)-1d and proton-paramagnetic centre interactions (T1)-1ed.
PROTON MOBILITY IN MOLYBDENUM BRONZES
A. CIRILLO and J. J. FRIPIAT C.R.S.O.C.I., C.N.R.S. rue T1e and T1d are modulated by the proton mobility in the oxide lattice, and T1 has been treated using the theory of Torrey, modified by Krüger. The ratio of the mean square displacement to the square of the distance of closest approach is much greater than 1, which implies diffusion. The activation energy derived from the variation of the correlation time with temperature is about 0.3 eV.
The NMR line is asymmetric and is displaced from that of water absorbed on the oxide. The displacement is very small due to the small electron density seen by the nucleus as a result of diffusion. 1. Introduction. -Powdered molybdenum trioxide in the presence of finely dispersed platinum metal will react with hydrogen via hydrogen spillover to form hydrogen molybdenum bronze, HxMo03, at temperatures between 50 °C and 120 OC. In these compounds x has a maximum value around 1.7 in violation of the range of compositions usually accepted for bronzes.
The formation of the hydrogen molybdenum bronze can be visualized as occurring in three steps : first, dissociative chemisorption of molecular hydrogen on the surface of platinum ; second, transfer of the hydrogen species formed to the oxide -a process aided by a carrier ; and third, the invasion of the oxide lattice.
Water has been shown to be an efficient carrier for the second step [1] , and we note that even when working with dry hydrogen gas it can be assumed that the surface hydration produces a small amount of water which could act as a carrier.
Other possible products of this reaction are lower oxides, such as Mo20s, and oxyhydroxides, such as Mo03-x(OH)x. Sermon and Bond [2] In order to avoid reduction and the formation of water, the NMR measurements were never performed at temperatures higher than 50 °C.
It has been suggested by Sermon and Bond that upon adsorption, the hydrogen atom donates an electron to the conduction band of the bronzeforming oxide. We have noted that when a sample of the bronze is placed within an EPR cavity, it produces the same effects as would be produced by a metallic powder, that is, the resonance frequency of the cavity is shifted, the Q of the cavity is reduced and tuning is extremely difficult. Therefore in the relaxation analysis to follow, it will be assumed that the conduction band is occupied and the behaviour of the protons is comparable to that observed in metal hydrides [3] . This means that the longitudinal relaxation rate should contain a contribution due to the interaction of the protons with the conduction electrons as well as a dipolar contribution modulated by the proton motion.
The proton mobility in the similar hydrogen tungsten bronze has been studied by Dickens [4] , Nishimura [5] and Vannice et al. [6] [8] . The As previously mentioned we were unable to observe the 2H resonance in an analogous D1.66Mo03 bronze. This is unexpected since the 2H species has been observed in various metal hydride systems [9, 10] where both strong quadrupolar interactions and interactions with conduction electrons are known to exist. If the deuterium atoms are in a non-cubic environment, the electric quadrupole interaction would be very strong and the resonance would be both broadened and weakened. The asymmetry of the proton signal indicates that such a case exists. Thus, we conclude that the extreme width of the 2H resonance, coupled with the lower sensitivity of NMR for the 2H species, makes the deuterium resonance unobservable in the deuterium molybdenum bronze.
The observed temperature dependence of the lineshape is one that is not normally encountered. For most systems, the NMR line becomes more symmetric as the temperature increases due to motional averaging of any anisotropic environment. The anisotropy of the pure Mo03 crystal structure has been described [11] and may lead to field gradients in the hydrogen molybdenum bronze. There is also the possibility of nonuniform distribution of conduction electrons in an oxide such as H,,MO03. For these reasons the anisotropy of the NMR line is not surprising but they fail to explain the temperature dependence of the lineshape which will be treated in Section 3.4. The eventual tendency toward a Lorentzian line shape at low temperatures suggests that motion still exists in the system. This could be due to rotational motion since the modified Torrey theory to be described in Section 3.2 does not distinguish between translation and rotation for the limiting cases.
It should be noted that any attempt to produce a bronze of Ho.5Mo03 composition using a limited amount of H2 gas or a mixture of H2 and He gases leads to a heterogeneous product consisting of violet regions that are most probably the bronze with x = 1.6 and gray regions that obviously remain as Pt/Mo03. This suggests that the bronzes are formed grain-bygrain, that is, once a particle of Pt/Mo03 has been converted to the bronze, it increases the probability of bronze formation within adjacent particles. figure 3 . It is striking that the addition of 2H atoms in such a large ratio has no effect whatsoever on [12] .
The longitudinal relaxation rate in the hydrogen molybdenum bronzes therefore consists of three contributions. The first arises from the interaction between nuclear spins and conduction electrons, the second from the interaction between nuclear spins and paramagnetic centres (e.g. M05 +), and the third from dipolar spin-spin interaction. The second and third contributions are modulated by the proton motions in the solid. Torrey's theory [13] and its modification by Krüger [14] [16] show that the effect of a proton vibration is to decrease the observed Knight shift by a factor which depends upon the mean square amplitude of the vibrational motion. Since the latter is temperature dependent, the shift becomes temperature dependent. The small magnitude of the shift indicates a small amplitude of the electron wave function at the proton nucleus. The T1e contribution in equation (1) pronounced (it appears as a shoulder*in the monotonic decrease of gl,u.lik, with respect to úJ'tc). As a consequence of this superposition of the two maxima, the relaxation rate rises more slowly than the correlation time in the region co-r,, « cos 'tc. Therefore, the apparent energy of activation derived from the correlation time is greater than that derived from the slope of the variation of the spin-lattice relaxation time with temperature.
Since it is impossible, in the present situation, to distinguish between (l/7B)d and (l/7B)ed? the experimental results will be treated in two ways depending upon the assumption of dipolar interaction or that with paramagnetic centres. Calculations will be made such that the experimentally observed maximum in the plot of (llT1)obs versus 1 IT divided by g 1 yields an observed Kt. This so-called KobS will be used to calculate the variation of Tl with respect to 1/7B This will allow us to approximate the value of a to obtain the activation energy of the proton motion and ultimately the variation ofïc with 1/T.
As we are also interested in the frequency dependence of Tl, it should be emphasized that the overall correlation time used in the above treatment results from two contributions :
where rs is the longitudinal relaxation time of the paramagnetic centre. Navon [17] has shown that Te is frequency dependent because of the contribution of the electron spin-lattice relaxation timers.
ANALYSIS OF THE LONGITUDINAL RELAXATION
RATE. -The contribution to the longitudinal relaxation rate due to interaction with conduction electrons was removed using equation (1) and the data shown in figure 4 If the number of paramagnetic centres is much less than this, their average distance from the proton would be so large that their effective contribution could come only through a spin-diffusion mechanism. The pronounced temperature dependence allows us to discard this hypothesis. Therefore, it seems reasonable to assume that the greater contribution is from the dipolar interaction, and we have a system that behaves in a manner similar to that of the transition metal hydrides. However, the distance of closest approach calculated above is smaller than the probable diameter of the interstices, although it is of the same order as the intemuclear distance in H' (6) (9)).
Similar data taken for H1,64MOO3 bronze formed at 60°C are shown in figure 7 . The value of (TI)e T figure 8 , where the activation energy is found to be 9.5 kcal/mole. A summary of the data for the two bronzes with x 1.6 is given in If we use the assumptions given above and solve equations (11) and (12) simultaneously, we find that the proton-proton distance is about 2.9 Á, and that the distance between protons and paramagnetic centres is about 6.7 Á. It 
